We report a new class of highly active and stable tungsten-based catalysts to replace noble metal materials for the hydrogen evolution reaction (HER) in an acidic electrolyte. The catalyst is produced by heating an earth-abundant and low-cost mixture of ammonium tungstate, soybean powder and graphene nanoplatelets (WSoyGnP). The catalyst compound consists of tungsten carbide (W 2 C and WC) and tungsten nitride (WN) nanoparticles decorated onto graphene nanoplatelets. The catalyst demonstrates an overpotential (η 10 , the potential at a current density of 10 mA cm −2 ) of 0.105 V, which is the smallest among tungsten-based HER catalysts in acidic media. The coupling with graphene significantly reduces the charge transfer resistance and increases the active surface area of the product, which are favorable for enhancing the HER activity. Therefore, the approach of employing biomass and other less expensive materials as precursors for the production of catalysts with high HER activity provides a new path for the design and development of efficient catalysts for the hydrogen production industry.
Introduction
In comparison with fossil fuels, hydrogen is a green source of energy that does not generate carbon dioxide during direct combustion or in hydrogen fuel cells that could play an important role in meeting the growing energy needs of the world. 1−4 One attractive approach to generating hydrogen fuel is via the electrocatalytic hydrogen evolution reaction (HER) in splitting water. 4−8 In this scenario, developing efficient and durable electrocatalysts is extremely critical. Until now, Pt-group metals (Pt, Ir, Ru, Rh, Pd) have been the most efficient catalysts for the HER for the reason that, as a typical example, Pt exhibits an optimal hydrogen binding energy to balance the hydrogen adsorption and release on the catalyst surface. 9−11 However, its precious nature and scarcity hinder scale-up production and market penetration of the noble metals to satisfy the goal of competitive hydrogen production ($2.00-3.00 kg −1 ) of the U.S. Department of Energy. 12 For this reason, development of noble-metal-free materials to substitute for Pt-group catalysts to lower cost without a significant loss in catalytic activity is strongly motivated. Recently, a family of tungsten-based materials (WS 2 , WSe 2 , WP, WC, W x C, etc.) 13−24 was extensively investigated as effective electrocatalysts for the HER because of favorable structural and electronic properties. 25, 26 For example, as one of the layered transition-metal dichalcogenides (MX 2 : M = Mo or W, X = S or Se), WS 2 has graphite-like structure, consisting of two dimensional S-W-S layers that are hexagonally stacked by weak van der Waals interactions. 1, 8 Electrons prefer to move along the basal plane of the S-W-S layers towards the edge sites that are favorable for the catalytic HER. The WS 2 catalyst showed reasonably good electrocatalytic activity with an overpotential of 140-260 mV at a current density of 10 mA cm -2 ) (η 10 ) , but suffered from somewhat limited durability. 3, 6, 8, 13, 16 More excitingly, Levy and Boudart discovered "Pt-like" catalytic performance of the tungsten carbide phases, which is an alternative path for development of new noble-metal-free catalysts. 25 The tungsten carbides performing similarly to Pt in catalytic behavior resulted from the establishment of a "Pt-like" d-band electronic density of states by intercalation of carbon atoms into the tungsten lattice. 26 Consequently, the tungsten carbides demonstrated effective surface catalysis in many research domains, for example, cellulose conversion, methanol oxidation, water reduction, etc. 24, 35, 36 In addition, high tolerance to CO, N and S poisoning is another meritorious property of the tungsten carbides for replacement of precious metals in renewable energy systems, such as fuel cells and electrolyzers. 20, 27, 28 It is therefore of considerable interest to fabricate low-cost and highly efficient tungstenbased catalysts for hydrogen fuel production. Although the tungsten carbides showed high HER performance, the solitary tungsten carbides exhibited limited durability in long-term catalytic reactions unless coupled with WN as a stabilizer. 4 In our previous research, we discovered highly efficient HER composite catalysts consisting of Mo 2 C and Mo 2 N by sintering soybean powder and ammonium molybdate. 29 The soybean provided C and N for forming both Mo 2 C and Mo 2 N in the catalysts, in which the Mo 2 N imparted a strong stabilizing effect against corrosion in acids.
Thus, the long term durability of the HER by the MoSoy catalysts was significantly enhanced.
Inspired by our previous work on biomass-derived MoSoy catalysts, 29 herein we report the synthesis of WSoy catalysts comprising tungsten carbides (WC and W 2 C) and tungsten nitride (WN) decorated onto graphene for the HER by sintering abundant and environmentally friendly precursors, ammonium tungstate (AMT), soybean powder and graphene nanoplatelets (GnP). In the composite product, tungsten carbides and WN worked as catalysts and catalysis stabilizer, respectively, in the HER. Graphene acted as a good catalyst support because of two advantageous properties: first, graphene is able to impede particle growth of the catalyst, which is beneficial to obtain more reaction sites on the catalyst surface; 30, 31 and second, owning to the high electron mobility (>15000 cm ) and graphene's inherent flexibility, it is a good medium for establishing contact and improving conduction between catalyst particles and electrodes. 31, 32 With optimization of the contents of the graphene and soybean powder in the precursors, the composite product, WSoy 0.7 GnP 1.0 was found to be the most highly active HER catalyst in both catalytic activity and stability among all WSoy x GnP y electrocatalysts examined. This paper thereby introduces an easy and inexpensive method to synthesize high-performance biomass-derived HER catalysts. Our methodology began with synthesis of a series of WSoy x (x=0.2, 0.5, 0.7, 1.0 and 2.0)
Results and discussion
to optimize the mass ratio of AMT and soybean powder. The detailed synthesis method is described in the Experimental section of the Supporting Information (SI). The electrochemical behavior for the HER of a series of the WSoy x catalysts is shown in Figure 1 (a). The overpotential (η 10 ) was used to evaluate the HER activity of the electrocatalysts. 4, 8, 9 Among the five samples, the WSoy 0.7 showed the best HER performance with the smallest η 10 of 0.16 V.
Then, based on the WSoy 0.7 composition, three other catalysts (WSoy 0.7 GnP 0.5 , WSoy 0.7 GnP 1.0
and WSoy 0.7 GnP 1.5 ) with different graphene content were fabricated using the same method as described in the SI. As shown in Figure 1 Figure S1 and Table S1 . To obtain the mass content of each compound in the catalysts, the samples were analyzed with thermogravimetric analysis (TGA) by heating up to 950 ºC with a temperature ramping rate of 20 ºC min -1 in oxygen, and then the temperature was kept at 950 ºC for an extra 10 min to ensure the product was completely tungsten oxide (WO 3 ). The eventual WO 3 content of the WSoy 0.7 GnP 1.0 , WSoy 0.7 and WGnP 1.0 was 23%, 58%, and 72%, respectively, by weight normalization in Figure S2 . With a total 10 mg sample loaded onto the carbon paper electrode, the masses of each compound are able to be calculated by using both WO 3 content and phase fractions, 4 which are shown in Table 1 . to function as a metal-like connector and carrier to establish more efficient charge transfer between the catalyst particles and the electrode. [30] [31] [32] Therefore, the reason that the WSoy 0.7 GnP 1.0 performed better in the HER than the WSoy 0.7 even with less tungsten carbide content, is considered to stem from the interaction of the graphene-catalyst interface. These details are discussed below.
On the other hand, the WSoy 0.7 GnP 1.0 catalyst, despite containing a very small amount of WN, showed a higher HER activity (η 10 of 0.151 V) than that of the WGnP 1.0 (Figure 1 ), although the tungsten carbide content in WSoy 0.7 GnP 1.0 was lower than that in WGnP 1.0 (Table   1) . We note that WGnP 1.0 contains no WN phase. In our previous research, solitary WN exhibited only a slight activity towards the HER, as shown in Figure 1(b) . 4 Thus, the result of the present study suggests that in addition to acting as a stabilizer, WN may impart a synergistic effect to enhance the HER activity of the tungsten carbides even though the WN content involved is fairly small. There would be an electronic coupling between the nitride and carbides, although the detailed mechanism has yet to be explained but is being pursued. Second, graphene functioned as a good medium for charge transfer between the catalyst and electrodes. Given that the catalyst particles were grown on the graphene, and the catalysts were not directly attached onto the electrode, the electrons were still able to move from the electrode to the catalyst particles owing to the excellent conductivity and charge mobility in graphene.
Without graphene, some electron transfer pathways are hindered by the interfaces of the particles because the interfaces can act as recombination sites for the charges. Tafel plots in Figure 4 (a) were employed to calculate two indicators (Tafel slope and exchange current density) for characterizing the electrochemical HER process of the catalysts as shown in Table 2 . In acidic aqueous media, the HER process is described in two steps according to different models of the two-electron reaction. 6, 8, 9 First, the Volmer reaction (also called the "discharge step") in which the combination of electrons and adsorbed protons on the active sites of the catalyst takes place, resulting in surface-bound hydrogen atoms. Then, the hydrogen molecules are released by electrochemical desorption (Heyrovsky reaction), or by recombination of hydrogen atoms absorbed on the catalysts surface (Tafel reaction). 6, 9 The slope of the Tafel plot of the Pt/C catalyst was 31 mV dec
, which typifies the recombination of adsorbed hydrogen as the rate-limiting step. 21 However, the WSoy 0.7 and WGnP 1.0 catalysts had larger Tafel slopes of 49 and 55 mV dec
, respectively, suggesting a Volmer-Heyrovsky reaction with hydrogen electrochemical desorption as the rate-limiting step.
3,9
The WSoy 0.7 GnP 1.0 gave rise to a Tafel slope of 36 mV dec
over a small overpotential range, suggesting a possible pathway of the Volmer-Tafel reaction. 3, 9 Our WSoy 0.7 GnP 1.0 sample has the smallest Tafel slope of any other tungsten-based catalysts reported to date in previous research, as shown in Table S2 , 4, 8, 13, 16, 19, 20, 24 revealing that the WSoy 0.7 GnP 1.0 showed faster proton discharge kinetics than the other counterparts.
5,29
Moreover, in Table 1 , the exchange current density of the WSoy 0.7 GnP 1.0 is determined to be 0.063 mA cm
by linear fitting of the Tafel plot, which was larger than the other two catalysts. The significantly reduced Tafel slope and increased exchange current density of the WSoy 0.7 GnP 1.0 reflects a lower energy barrier and more accessibility of the electrocatalytic HER, which is consistent with the decreased overpotential and increased current density in the polarization curve in Figure 1 . In addition, electrochemical impedance spectroscopy (EIS) was employed to investigate the charge transfer resistance (R ct ) of the HER on the electrodes at a bias of 100 mV. In Figure 4 Compared with other tungsten-based catalysts in Table S2 , the WSoy 0.7 GnP 1.0 ranked as one of the top-performing electrocatalysts. The WSoy 0.7 GnP 1.0 showed smallest η 10 and Tafel slope among all the W-based catalysts, suggesting the lowest energy barrier and fastest proton discharging, which can also be supported by its smaller R ct than most of the others. Its rate-limiting step is probably recombination (Tafel reaction) rather than electrochemical desorption (Heyrovsky reaction), reflecting "metal-like" behavior, which is consistent with the previous results of Pt-like surface catalysis performance. 25 We also used the cyclic voltammetry (CV) method to evaluate the electrochemically active surface area of the catalysts, which demonstrated a proportional relationship with the double layer capacitance (C dl ) of the solid-liquid interface. 8, 16, 33, 34 In Figures 4(c) showed less electrocatalytic activity for the HER. This is attributable to the absence of WN in the catalyst as we discussed above. Overall, as a catalyst carrier and conductive medium, the graphene can significantly boost the HER performance of the tungsten carbides by decreasing energy barrier, enhancing charge transfer and increasing the electrochemically active surface area of the catalyst. In conclusion, we have developed a low-cost and high-performance tungsten-based catalyst by sintering AMT, soybean powder and graphene nanoplatelets at 850 ºC. After mass
